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Physical Chemistry in the Food
Processing Pilot Plant

Michael F. Kozempel and Peggy Tomasula

NOMENCLATURE

¢ coefficient
C solute concentration in the
potato
C, initial solute concentration
in the potato
C, equilibrium solute concen-
tration within the potato
C, heat capacity
D effective diffusion coeffi-
cient, reactor diameter
dP/df flow rate of mash
F fraction of tracer fluid in
exit stream
h  convective heat transfer
coefficient to air
internal age distribution
reactor length, drum width,
nominal thickness of cut
pieces
molality, number of terms
in equation (7-4)
moisture content of potato
potato flow rate
gas constant, radius of
drum dryer

3 &~

oo X

RI
RI,

refractive index of solution
refractive index of initial
solution

solute concentration in
blanch water ;
solute concentration in en-
tering blanch water
temperature

time

ambient or dry-bulb tem-
perature

equilibrium mash tempera-
ture

steam temperature
wet-bulb temperature
volume of the blanch water
water flow rate

diffusion path

mash thickness

differential heat of solution
small distance of travel on
drum surface

reduced residence time
latent heat of vaporization
density of the blanch water



r residence time of the hot- w drum speed, rpm
water blancher

The principles of physical chemistry apply to both pilot plant or commercial
processing as well as to the laboratory. The problem is identifying the signifi-
cant principles that control processes from the myriad of confounding, nonsig-
nificant parameters. It is only with the advent of the computer that it is possible
to handle a sufficient number of variables to properly account for some of the
principles involved. The confounding parameters may be referred to as nonide-
alities. For example, deviations from laboratory results may appear because
flow patterns in large pilot plant or commercial-scale reactors are rarely simple
(perfectly mixed, or perfectly plug, flow). The actual flow pattern may cause
difficult temperature control or lower reaction yields than expected for a simple
flow. In addition, food processing systems are rarely homogeneous. These sys-
tems are usually of the following varieties: gas-liquid, as in evaporative con-
centration; gas-solid, as in convection drying; or, liquid-solid, as in a leaching
process. Catalytic components (i.c., enzymes) are usually unstable under pro-
cessing conditions. It is the determination of the controlling physical chemical
principles to which much of pilot plant research is addressed. The application
of physical chemistry in the pilot plant usually involves developing mathemat-
ical models. Using the appropriate physical chemical laws as a basis, the models
aid the engineer in achieving a greater understanding of a process and permit
extrapolation to processing conditions for which many of the controlling vari-
ables cannot be readily measured experimentally in the laboratory.

Consider the drying of a bed of potato slices in a commercial tunnel dryer.
In this process, internal moisture from the drying potatoes diffuses to the sur-
face, where it evaporates. Because of the variability in the raw material (pota-
toes), each slice is a different size, shape, and composition; there are air gaps
between the slices; hence, air flow and contact is nonuniform. There is enzy-
matic and nonenzymatic browning. If the bed is fairly uniform, it is possible to
determine an appropriate drying mechanism and to calculate the drying rate for
an existing dryer from parameters dependent on measured process conditions.
To design a new dryer, mathematical models for drying must include mass and
energy balances for the dryer and the slices. The main variables are the tem-
perature and moisture content of the potato slices leaving the dryer plus the
drying time and temperature of the dryer.

Physical property data such as heat and mass transfer coefficients, heat ca-
pacities, thermal diffusivities, and shrinkage data are required in the drying of
fruits and vegetables. Although some data are available in the literature (Singh,
1982; Balaban, 1988), it must usually be estimated because the variability be-
tween individual pieces due to cultural practices, cultivar, maturity, soil type.
area where grown, environment, and storage conditions after harvest, makes it

time-consuming and costly to compile data. Correlations based on generalized
methods are often used (Rotstein, 1990). The real examples that follow give a
better understanding of the application of physical chemistry in pilot plant re-
search.

MIXING

An overriding phenomenon associated with almost all pilot plant processing is
concerned with flow patterns during mixing and mass transport. Mass and en-
ergy transfer are dependent to a great extent on mixing. The principles govern-
ing mass and energy transfer are based on the assumption of perfect mixing,
something that can only be achieved in a practical sense in the laboratory and
approached in the pilot plant. Therefore, it is necessary to determine the actual
mixing or flow pattern to develop a model for the real situation.

An excellent treatment of the theory of residence time distribution (RTD) is
presented in Levenspiel (1972). It is assumed that actual flow patterns range
between the ideal states of backmixing and plug flow, and may be modeled by
a combination of backmixing and plug flow elements with dead regions and
bypassing.

Backmixing is complete or perfect mixing, in which flow is turbulent and
L/D = 1, where L is vessel length and D is vessel diameter. All fluid elements
in the vessel have the same intrinsic properties, for example, concentration,
temperature, and dwell time.

Plug flow is normally achieved in pipes under fairly high flow rates with
Reynolds numbers greater than 10,000 and L /D ratios greater than 50. There
is no axial mixing. It may be thought of as perfect radial mixing in a pipe or a
series of infinitely small backmix reactors.

“Dead water’’ is thought of as fluid that moves slower relative to the fluid
bulk or as a stagnant region in a vessel. It is caused by regions in the vessel
that are virtually unmixed. Bypassing results when some of the fluid moves
faster than the bulk of the fluid. Here the fluid does not mix (opposite of dead
water), but simply passes through the vessel with no interaction with the bulk
of the fluid. In the pilot plant none of these extremes would normally be en-
countered. All mixing would be a combination of two or more of these mixing
patterns.

Generally, there are two problems associated with characterizing fluid mix-
ing in a vessel. How is the RTD determined, and how are the results applied
mathematically to the process under study? (In some cases, it may be necessary
to treat the micromixing patterns, but normally characterizing macromixing is
sufficient.) A simple way to experimentally measure RTD is with a tracer that
is naturally part of or similar to the fluid component of interest.

For example, in developing a process for a cocoa butter substitute, it was



necessary to determine the RTD of the fractional crystallization system. Fa
was used as the tracer. The RTD determination was started by establishing a
steady-state flow of fat and solvent through the crystallizing system and main-
taining temperature sufficiently high to avoid crystallization. At steady state
there was no change in concentration, as monitored by the refractive index (R[).
At zero time, the fat feed was replaced with a solvent (fat-free) feed, and the
effluent refractive index (concentration of fat) was recorded for twice the nom-
inal residence time. Dividing the RI by Rl, gives F, the fraction of tracer fluid
in the exit stream, with / equalto 1 — F:

RI
F=-

Rl, -n
J=1-F 12)

The resulting data were plotted as /, the internal age distribution function, ver-
sus the reduced residence time, 0, as shown in Figure 7-1. The figure indicates
the type of flow pattern, assuming the actual mixing can be represented as a
mix of two ideal flow patterns. In the cocoa butter substitute study the flow
pattern was best represented by the combination backmixing and plug flow. The
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FIGURE 7-1.  Residence time distribution study for fractionating tallow.

horizontal line at = 1 is plug flow, and the exponential decay curve corre-
sponds to backmixing. Using one of the simple flow models found in Levenspiel
(1972) to describe the curve, indicated that there was 74 % backmixing and 26 %
plug flow.

This was desirable for this particular process. The crystallization step was
very quick, about 10 minutes. A large source of nuclei were needed to produce
the proper crystals so quickly. Plug flow would contain no nuclei, and the pro-
cess would be expected to give unsuitable crystals due to spontaneous nuclea-
tion. With this large amount of backmixing there were sufficient nuclei present.
In scale-up, backmixing would be a critical parameter to keep constant.

In a study of hot-water blanching of potatoes, a tracer was added to the feed
stream, as opposed to the previous example in which the drop in tracer concen-
tration was followed after tracer addition was terminated. To study the flow
patterns in a hot-water blancher for blanching, a steady-state blancher operation
was established with plain water, that is, the blancher was operated as if pota-
toes were being blanched, even though no potatoes were fed into it. At time
equal zero, a lactose solution was fed in, and its concentration was followed at
the exit of the blancher. Again, RI was a convenient way to follow the tracer.
The flow pattern closely matched the same model—a mixed model of backmix-
ing and plug flow. '

Another method of applying the results of the RTD mathematically to the
process under study is by treating the fluid stream as the sum of ideal streams,
for example, backmixed, plug flow, dead water, or by-pass. The ideal streams
are treated separately and then combined. An example of this method is de-
scribed in the next section.

DIFFUSION

In potato processing, potato pieces go through a hot-water bath or blancher to
leach sugars (especially reducing sugars, such as glucose) that contributes to
nonenzymatic browning (Talburt and Smith, 1987). Sugars diffuse from the
interior of the potato pieces to the surface, where they dissolve in the hot water.
However, the rate-controlling step could be mass transfer at the surface, due to
resistance at the boundary layer, or diffusion through the piece. What controls
the rate of leaching, and how is the rate-controlling step and its mechanism
determined?

A diagram of the pilot plant equipment is shown in Figure 7-2. Water was
circulated through a heat exchanger to the blancher and back, as shown. The
potatoes were passed through the blancher in small baskets, the basket rate of
travel through the blancher simulating potato flow rate. The concentration of
glucose and potassium in the exit water was monitored.

Because of the high recycle rate this system closely resembled an ideal con-
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FIGURE 7-2.  Process for simulating blanching potatoes.

tinuous-flow stirred-tank reactor (CSTR), or backmix reactor, with complete
backmixing and uniform temperature. Although glucose was the component of
interest, potassium concentration was used as a flow tracer. Glucose in the water
samples is subject to bacterial degradation, but potassium can be readily ana-
lyzed even if all potato solids were to decompose. Typical experimental data
are shown in Figure 7-3.
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FIGURE 7-3.  Correlation of potassium concentration in blancher water vs. processing time.

The experimental data were best represented by a diffusion model. Mass
transfer at the surface was found to be insignificant. Diffusion in potatoes may
be represented by Fick’s second law:

5C 8:C
o Do 7-3)

A. B. Newman (1931) presented a simple series expansion to solve the par-
tial differential equation of Fick's law for a French fry strip of potato:

oo

8
C=¢C,+(C, —-C) szjo am + 1) exp

[—D(Zm + 1272 L—Tz] (7-4)
Use of this model assumes that the potato consists of an insoluble and isotropic
matrix of starch, the major solid component of the potato, and other solid com-
ponents (such as pectin), and a liquid component—water. Equating C, to the
solute concentration in the water, S, and making a mass rate balance over the
hot-water blancher (Kozempel et al., 1981a), the predicted or theoretical values
of potassium concentration in the blanch water (also other diffusing components
such as glucose) can be calculated from

8 x2Dr 8 x2Dr
PMC, [l - ;r—gexp <-— I )] - PMS[I - exp <— I >]

+ WS, - S)

) PMr 8 1r2D'r das
=|Vo + — - o paind 7-5
[ i 2 ( L e ( L >>] do 7

Assuming uniform temperature, piece size, and complete backmixing the value
of the effective diffusion coefficient, D, may be calculated from equation (7-5).
The D is termed an effective diffusion coefficient because the potato is not truly
isotropic; its value is influenced by other diffusing components of the potato
and the diffusional path. To determine the value of D from the data of Figure
7-3, a pattern optimization program was used. The correlation coefficients for
the curves in Figure 7-3 were 0.9 or above.

Having established diffusion as the controlling step for leaching during
blanching, the research went in two directions. At the bench level, Tomasula
and Kozempel (1989) determined the variation of the diffusion coefficients of
glucose, potassium, and magnesium in potatoes with temperature. At the bench,
the effect of flow on leaching can be controlled to get ‘‘true’’ effective diffusiv-
ities. The data showed a change in slope at the gelatinization temperature (60°-




65°C). Effective diffusion coefficients were correlated with reciprocal temper-
ature over three temperature ranges using an Arrhenius-type equation over the
full temperature range (45°-90°C) and a separate polynomial with temperature-
dependent coefficients for the ranges (45°-60°C and 65°-90°C).

Effective diffusion coefficients for various solids encountered in food pro-
cessing also are given by Schwartzberg and Chao (1982).

Concurrently, potato-slice-blanching research was scaled up to the large pilot
scale. In the pilot plant (Fig. 7-2) work discussed previously, the water flow
pattern through the blancher nearly approximated complete backmixing (CSTR),
and was correlated by a model representing the flow as 94% backmixed and
6% plug flow. At the larger scale (875 liter) less thorough mixing in the blancher
was expected, more nearly duplicating commercial scale blanchers.

To determine the flow pattern in the larger pilot plant unit operating at steady
state, a lactose tracer solution was fed at time equal zero, and the exit concen-
tration was monitored by refractive index as a function of time. Using the models
given in Levenspiel (1972), the flow was found to consist of 78 % backmixed
and 24% plug flow, as shown in Figure 7-4 (Kozempel et al., 1985).

To calculate leaching using the plug flow model, the blancher was arbitrarily

separated into mixing zones with the width of the zones equal to the pitch of
the screw used to move the potatoes through the blancher. The temperature of
a single site in each zone was monitored and was found to be uniform within
the zones. The blanch model was applied sequentially to each zone at the tem-
perature of the zone using the exit concentration of the previous zone as the
inlet concentration. This plug flow model was applied to 24 % of the flow stream
in the blancher.

Temperature and concentration are uniform in backmixing. Therefore, the

blancher exit temperature was used for the backmix contribution, and the back-.

mix model was applied to 76% of the flow in the blancher (Kozempel et al.,
1985). ' v

Another identified complication is piece size. In the pilot plant tests piece
size was fairly uniform. Figure 7-5 illustrates a typical piece-size distribution
encountered in the pilot plant process. Since distribution is somewhat random
and the increased difficulty of making iterative calculations for each piece size
does not warrant the increased effort, an average piece size was used.

SOLUBILITY

Separation by fractional crystallization depends upon the relative solubility of
the solutes. In simple cases, each solute is considered independent of the other
solutes. A solubility curve must be established to design a fractional crystalli-
zation process. Over small temperature intervals, for solutions in which there
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FIGURE 7-4.  Comparison of experimental potassium concentration with concentration
calculated assuming back mix or plug flow in pilot plant.

is no change in the nature of the solute, the solubility can be correlated using
equation (7-6) (Kozempel, 1971).

Inm= —@H/R)(1/T) + ¢ (7-6)

In some food systems, for example, in fat-containing systems, the interaction
of the various solutes or individual fractions may be very important. An ex-
ample of this is seen in the process (Fig. 7-6) to fractionally crystallize beef
tallow into a cocoa butter substitute. The solubility of beef tallow in acetone,
curve A4 in Figure 7-7 (Kozempel et al., 1981b), was determined to develop a
Process for fractionating tallow to obtain a cocoa butter substitute. However,
in attempting to establish the temperature for fractionating (crystallizing) the
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FIGURE 7-5.  Distribution of piece sizes in a commercial hot-water blancher.

stearine or high melting fat fraction, the process did not follow the solubility
curve as expected.

For example, starting with a tallow concentration of 0.093, crystallization
began at 29°C. The concentration of the filtrate did not follow solubility curve
A, but followed line B1 instead (Fig. 7-7).

Starting with a different initial concentration, the filtrate concentration (crys-
tallization) followed a different line, for example, B2. Although it is well known
that solubility depends on the temperature of a system and not the initial con-
centration, these data gave every indication that, in this system, solubility de-
pends on the initial concentration.

The explanation of this apparently anomalous solubility behavior stems from
the nature of beef tallow. It is composed of many different triglycerides. Curve
A establishes the solubility of the highest melting or least soluble component of
the original mixture. As crystallization proceeds, the filtrate solution is stripped
of the highest melting crystallizing fat, and curve 4 no longer applies to the
liquid. Instead, crystallization is governed by a different solubility curve cor-
responding to a new least soluble fraction (curve A’, Fig. 7-7). As this com-
ponent crystallization continues, solubility becomes governed by the next least
soluble component. In essence, an operating line is established by the intersec-
tions of the temperature with the family of solubility curves. It is reasonable t0

TALLOW

ACETONE

ACETONE

TALLOW CB

SOLVENT STRIPPER
AND DEODORIZER

TALLOW / TALLOW + ACETONE

WEIGHT CONCENTRATION,

FIGURE 7-6.

FILTER
P
P
CRYSTALLIZER
FILTER O
PN
—
—
Py
CRYSTALLIZER
ACETONE
Lo

SOLVENT STRIPPER
AND DEODORIZER

ACETONE

l STEARINE

SOLVENT STRIPPER
AND DEODORIZER

Process flow sheet for fractionating tallow.

8
0.10}-
008
006
004
0.02 -
0 1 1 Il 1 1 1
-7 4 16 27
TEMPERATURE, °C
FIGURE 7-7.  Solubility diagram for tallow in acetone.



expect that the various solubility curves and various operating lines would be
parallel, since there is just a slight difference in the components.

The changing composition problem can be overcome by a systematic exper-
imental procedure. First, an initial solubility curve must be determined. Next,
one of the operating lines must be established by successively crystallizing a
fat solution. From these curves, other operating lines are established parallel to
the first, and the process is designed using the family of operating lines and the
initial solubility curve.

In the cocoa butter substitute study, the solution was crystallized in acetone
until the temperature reached 16-18°C, which separated the stearin fraction, a
fraction useful as shortening or hard butter. This crystallization process nomi-
nally corresponded to a path defined by the intersection of the operating line
with solubility curve A’.

Further cooling to a nominal 5°C produced a crystallized fraction with com-
position and physical properties almost identical to cocoa butter. This crystal-
lization nominally corresponded to the intersection of the operating line with
solubility curve 4”. The filtrate was a liquid at room temperature, useful as a
deep-fat frying oil.

DRUM DRYING

The mathematical treatment of drum drying was considered impractical before
the advent of the computer. Attempts to formulate and solve the mathematical
equations failed because of the great number and interrelationships of the
variables. §

Instant mashed potatoes or potato flakes are dried on a single drum dryer.
The pretreatment of the potatoes has a strong influence on the performance of
the dryer and the quality of the product. Therefore, it was necessary to model
the preprocessing steps as well. Not only is every piece of potato slightly dif-
ferent (size, moisture content, starch composition, texture), but there are sig-
nificant variations in cooked potato properties (per piece and within the mash).

Also, the drum surface is not perfectly uniform. There are irregularities, hot

spots, and end effects (at the sides of the drum where the side of the heated
surface is exposed to the air and not coated with drying mashed potato).

Figure 7-8 is a sketch of the side view of a single drum dryer. Mash is loaded
onto the drum surface at zero degrees of rotation and the dried flakes are doc-
tored off at about 295 degrees of rotation. The pilot plant unit has four spreader
rolls. The basic equation describing the drying can be developed from an energy
balance over an infinitesimal volume, Figure 7-9, of mash of cross section L
and r by 6x (Kozempel et al., 1986).

The flow rate of mash is dP/d0 (kilogram mash /hour). Thus, d*P/d6” is
the change in mash flow rate, or the drying rate. The drying rate is expressed

FLAKES

FIGURE 7-8.  Side view of drum dryer.
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FIGURE 7-9.  Diagram of drum and mash sheet for modeling drum dryer.
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as
T,T,
hAML(T, — T) — kM L(T-T)
—d*p - T
- = (7-7)
do N+ CpT
27Rw

Solving this equation requires the solutions of several auxiliary equations. The
temperature of the mash can be calculated from the wet-bulb temperature, the
equilibrium mash temperature, and the moisture as in equation (7-8).

T=T,+ (T - T,) exp (—cM) (7-8)

The equilibrium mash temperature depends on the wet-bulb temperature and
steam pressure

T,=T,+99.11 +5.12 X 10~ (steam pressure) (7-9)

In addition, to evaluate equation (7-7), the initial condition for the flow rate
(dP /d8),, which is the capacity of the drum dryer, is needed. The mash flow
rate depends on drum speed (rpm), steam pressure, number of spreader rolls,
degree of cooking, starch content, bulk density of the dry potato, and the texture
of the raw potato (Kozempel et al., 1990).

By using a Hook-Jeeves pattern search for the best values of the coefficients,
a model that successfully predicts the moisture and capacity (drum dryer feed
rate or (dP/df),) was developed for drum drying potato flakes, as shown in
Figures 7-10 and 7-11.
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Rheology of Cheese

Michael H. Tunick and Edward J. Nolan

WHY RHEOLOGY IS USED INVCHEESE
ANALYSIS

The instrumental measurement of the rheological properties of cheese is per-
formed for two reasons: as a quality control method for cheesemakers, and as
a technique for scientists to study cheese structure. The theological properties
of cheese can be as important as flavor, and are a large part of the total score
awarded by the cheese grader (Farkye and Fox, 1990). Consequently, an ob-
jective instrumental method of determining rheological properties of cheese
would be quite valuable. This also holds true for scientific studies of cheese.
The pH at whey draining affects the size and shape of protein aggregates and
has a large effect on the textural properties of cheese (Fox, Lucey, and Cogan,
1990). Low-pH curds result in a crumbly texture, such as in Cheshire cheese,
whereas high-pH curds lead to more elastic cheeses, such as Swiss or Gouda.
The extent of proteolysis and the amounts of water, protein, fat, and salt in
cheese also affect texture, resulting in profound differences between cheese
types. Research into the origins of cheese texture is an important part of dairy
science, and investigations into cheese rheology have been conducted for over
half a century. Correlating the results of various instrumental tests to each other
and to subjective evaluations by sensory panels and consumers is a goal that is
constantly being strived for (Szczesniak, 1987).

BRIEF HISTORY OF RHEOLOGICAL
MEASUREMENTS OF CHEESE \

The three general categories of food texture measurement are empirical, imi-
tative, and fundamental tests (Scott Blair, 1958). The idea behind empirical



